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Abstract 
Structural health monitoring (SHM) is the term applied to the procedure of 
monitoring a structure’s performance, assessing its condition and carrying out 
appropriate retrofitting so that it performs reliably, safely and efficiently. Bridges 
form an important part of a nation’s infrastructure. They deteriorate due to age and 
changing load patterns and hence early detection of damage helps in prolonging the 
lives and preventing catastrophic failures. Monitoring of bridges has been 
traditionally done by means of visual inspection. With recent developments in 
sensor technology and availability of advanced computing resources, newer 
techniques have emerged for SHM. Acoustic emission (AE) is one such technology 
that is attracting attention of engineers and researchers all around the world.  
 
This paper discusses the use of AE technology in health monitoring of bridge 
structures, with a special focus on analysis of recorded data. AE waves are stress 
waves generated by mechanical deformation of material and can be recorded by 
means of sensors attached to the surface of the structure. Analysis of the AE signals 
provides vital information regarding the nature of the source of emission. Signal 
processing of the AE waveform data can be carried out in several ways and is 
predominantly based on time and frequency domains. Short time Fourier transform 
and wavelet analysis have proved to be superior alternatives to traditional 
frequency based analysis in extracting information from recorded waveform. Some 
of the preliminary results of the application of these analysis tools in signal 
processing of recorded AE data will be presented in this paper. 
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1. Introduction 
Structural health monitoring (SHM) refers to the procedure of monitoring a structure’s 
performance and assessing its condition, so that any damage is detected early. SHM finds 
applications in various areas of mechanical, aerospace and civil engineering. Bridges are 
valuable assets of every society, but they deteriorate due to age, overloads or changing load 
patterns. Early detection of damage signs in a bridge helps in planning appropriate 
retrofitting; thus ensuring continual reliable and efficient performance. Visual inspection 
has been the traditional SHM tool for bridges. But newer techniques with more reliable 
monitoring capability have emerged. Some common techniques used for monitoring of 
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bridges include vibration based global techniques and non-destructive techniques (NDT), 
which are generally based on the use of fibre optics, electromagnetic waves and mechanical 
waves. Acoustic emission technique is a NDT technique based on the use of mechanical 
stress waves generated by rapid release of energy within a material.  
The paper starts with an introduction of AE technique, followed by a brief discussion 
on applications and challenges of the AE technique in health monitoring of bridge 
structures. Various signal processing tools that are in use for better interpretation of 
recorded AE data will also be discussed. Laboratory experimental tests performed will be 
described and results from the tests will be presented and discussed. The findings of the 
study can be expected to enhance the knowledge of acoustic emission phenomenon and the 
use of signal analysis tools for better interpretation of AE signals.  
2. Acoustic emission technology 
2.1 Introduction, advantages and challenges 
Acoustic emission (AE) waves are elastic stress waves that arise from the rapid release 
of energy from localized sources within a material (1). Common sources of AE in various 
materials include initiation/growth of cracks, yielding, impacts, failure of bonds and fibre 
failure. AE technique involves recording these stress waves by means of sensors placed on 
the surface and analysing the signals to extract information about the nature of the source. 
AE is well suited for the study of the integrity of bridge structures as it is able to provide 
continuous in-situ monitoring, is highly sensitive and is capable of detecting a wide range of 
damage mechanisms in real time (2). Sensors used are generally of piezoelectric types, 
which convert mechanical vibrations into electrical signals. 
Though AE technique has been successfully applied in several bridge monitoring 
applications, challenges still exist. Due to high sampling rates (in order of MHz), large 
volume of data is generated and effective analysis of the recorded data becomes important. 
AE signals can arise from a number of sources; for instance, in steel bridges likely sources 
of AE include crack growth, sudden joint failures, rubbing, fretting and traffic noises. 
Discriminating spurious noises that mask genuine crack induced AE signals and accurately 
locating the source of emission (by means of well placed sensors) are some of the major 
challenges behind the successful use of AE technique in bridge monitoring.  
2.2 Propagation of AE waves 
Physically, AE waves may consist of P waves (primary/longitudinal waves), S waves 
(shear/transverse waves) and Rayleigh (surface) waves as well as reflected and diffracted 
waves (3). In plate like structures, as signals travel away from the source, Lamb waves 
become dominant mode of propagation (2). Lamb waves primarily travel in two basic modes, 
namely symmetric (S0) or extensional and asymmetric (A0) or flexural; though higher 
modes such as S1 and A1 can exist (4). These modes travel with different velocities 
depending on the frequencies and thickness of the plate. Dispersion curves based on 
solutions to Lamb’s equation are used to relate velocity with the product of frequency and 
plate thickness (4). 
One of the important aspects of AE monitoring has been identified as source location (4). 
One popular method to locate the source is the time of arrival (TOA) method. In TOA 
method, differences in arrival times of signals at different sensors and velocity of the waves 
are used to find the locations of the source using triangulation techniques (5),(6). 
Complications arise with TOA method when used in large structures, as mode conversions, 
dispersion and attenuation of waves may result in sensors recording the arrival of different 
wave modes (7),(8). Therefore, accurate source location warrants identification of wave 
modes. Methods based on ultrasonic too depend on identification of wave modes to analyse 
damage in structures. 
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2.3 Signal processing techniques 
Raw data from AE monitoring contain time domain signals, showing the variation in 
amplitudes (usually in units of Volts) with time. Frequency contents of AE signals provide 
valuable information about the nature of the source, and hence frequency analysis of 
recorded signals is useful. Fourier transform (FT) is a commonly used tool to identify the 
frequency contents of a signal. But the main disadvantage of FT is that information about 
time of occurrence of frequency components is lost. To obtain both time and frequency 
information simultaneously, short time Fourier transform (STFT) and wavelet transform are 
both useful (9). STFT (also known as windowed Fourier transform) involves multiplying a 
signal with a short window function and calculating the Fourier transform of the product. 
The window is then moved to a new position and the calculation is repeated, thus providing 
both time and frequency representation of the signal. The main disadvantage of STFT is that 
due to the use of constant window length, resolution is fixed in both time and frequency 
domains. In contrast, wavelet analysis uses windowing technique with variable sizes. Long 
time interval windows are used where more precise low-frequency information is needed, 
and shorter regions are used where high-frequency information is desired (10). Wavelet 
analysis, thus, breaks a signal into different levels, where each level is associated with a 
certain interval of frequencies in the signals. 
Signal analysis by means of time-frequency analysis techniques helps in identifying 
travel modes of AE waves, which in addition to helping in accurate source location, as 
discussed in Section 2.2, also provides information about the nature of the source that 
generates acoustic emission. In-plane sources (such as crack initiation) and out-of-plane 
sources (such as impacts) generate modes with different amplitudes and frequencies; and 
comparing these parameters could help in understanding the source characteristics. 
 
3. Experiments - Wave mode identification for source location 
Plate-like structures are common in bridge decks. Therefore, experiments were carried 
out in a steel plate to determine source location using the time of arrival method and to 
study influence of AE wave modes in source location calculations. The AE data acquisition 
system used for experimentation was micro-disp PAC (Physical Acoustics Corporation) 
system with four channels. To capture AE signals, R15a sensors (PAC) resonant at 150 KHz 
were used. Signals were magnified using preamplifiers with a gain of 20 dB. Data was 
acquired at a sampling rate of 1 MHz for duration of 15 ms. The data acquisition system 
recorded signals when they exceeded a threshold value, set at 60 dB for experiments. (Note: 
AE dB is calculated as: dB=20 log (V/Vref) – (preamplifier gain), where reference voltage 
Vref =1 µV, calculations give V=0.01 volt for threshold value). It has to be added here that 
threshold values are often set in order to remove as much low amplitude noises as possible, 
but care must be taken so that no genuine signals are missed. Conditions during the testing 
often dictate the value set. 
 
The steel plate, which formed the deck of a slab-on-girder bridge model, had 
dimensions of 1.8 m by 1.2 m and thickness of 3 mm. AE signals were generated by 
breaking 0.5 mm pencil leads at selected locations on the plate twice. Three sensors were 
placed in three different locations on the plate to record the signals. Depending on the 
distance from the source, the sensors received the signals at three different times and 
differences in arrival times were then calculated. To identify the wave modes, source 
locations were calculated using longitudinal and transverse wave velocities of travelling 
waves. An algorithm in Matlab (R2009a, The MathWorks) was used for iterations purposes. 
By comparing calculated locations with exact locations, influence of wave velocities in 
source determination by TOA method was investigated. Accurate identification of wave 
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modes and exploration of presence of Lamb wave modes was then attempted by frequency 
and time-frequency analyses of the signals. 
4. Results 
Source locations were calculated using the longitudinal wave velocity 
(cL= /E =5188 m/s) and the transverse velocity (cT = )1(2/  E =3000 m/s). Figure 1 
provides diagrammatic representation of the results with exact positions, calculated 
positions and the sensor locations marked. The following values were used for material 
properties: Young’s modulus, E = 210 GPa; density, ρ= 7800 kg/m3 and Poisson’s ratio, ν = 
0.3. It is seen that the use of cL does not give good match between the exact and calculated 
values, whereas using cT gives much better correlation. 
 
    (a)          (b) 
Figure 1 Source location calculation results: (a) Using longitudinal wave velocity, (b) using 
transverse velocity 
 
To identify the wave modes recorded by the sensors, initial part of one sample signal 
(recorded by Sensor S3 for pencil lead break at position (0.3, 1.2)), was analysed next. It is 
shown in Figure 2, along with the preset threshold value (dotted line). It is seen that the 
initial low amplitude signals do not cross the threshold and thus do not trigger a hit 
(initiation of recording in data acquisition system after exceeding threshold). It is also 
observed that the triggering wave component arrives after around 90 µs of the initial waves. 
Using the velocity of the triggering wave as c=3000m/s (as this value gave good source 
location results), the distance between the source and signal (0.67 m) and a time difference 
of 90 µs; the velocity of the initial wave can be calculated to be around 5000 m/s. This 
value is close to the longitudinal velocity of waves in steel. Initial conclusions can be drawn 
that though longitudinal waves are present they have attenuated to a level below the 
threshold. 
  
APVC2009 
 
5 
13th Asia Pacific Vibration Conference  
22-25 November 2009  
University of Canterbury, New Zealand
 
Figure 2 Initial portion of a sample signal showing the threshold value and triggering of hit 
 
Lamb waves are common form of propagation of waves in thin plate like structures as 
used as the experimental specimen. Hence, to check whether the observed modes are the 
Lamb wave modes, frequency analysis by means of FT was carried out for two parts of the 
signal (early zero amplitude signals will be excluded from analysis): the initial 90 µs 
portion consisting of fast arriving low amplitude signals and the next 230 µs portion. The 
results are shown in Figure 3a and Figure 3b respectively. The major difference observed is 
that frequency peaks around 47, 70 and 90 kHz appear in Figure 3b, indicating that these 
lower frequency wave modes arrive late and trigger a hit. 
 
(a) 
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(b) 
Figure 3 Fourier transforms of two parts of sample signal (a) initial 90 µs, (b) next 230 µs 
 
Though Fourier transform gives frequency information, time information is lost. To get 
both time and frequency information, Short time Fourier transform (STFT) analysis was 
carried out using time-frequency toolbox (11). Plots of squared STFT coefficients in both 
linear and logarithmic scales and are shown in Figure 4. Though not clear in linear plot, 
logarithmic plot shows that waves with frequencies around 100 to 180 kHz arriving at the 
beginning. In both plots, it is visible that starting at around 90 µs, waves with a large 
variation in frequencies arrive. The frequencies gradually decrease from around 350 kHz till 
30 kHz, with a peak value at around 45 kHz and 250 µs. Another similar wave pattern with 
decreasing frequency values emerges near 300µs; these are likely to be reflected waves.  
 
(a) 
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(b) 
Figure 4 STFT plots along with the sample signal: Squared coefficients in (a) linear scale, 
and (b) logarithmic scale 
 
Continuous wavelet transform (CWT) was carried out next using Matlab code ‘cwt’. Scales 
were specified starting from 0.25 till 32 in increments of 0.25 and Morlet type mother 
wavelet was used. Scalogram, showing the percentage of energy of each wavelet coefficient 
to the total energy, is shown in Figure 5. The results are shown in scales instead of 
frequency, but scales are related to frequencies - lower scales correspond to higher 
frequencies and vice versa. Using Matlab code ‘scal2frq’ scales and frequencies can be 
correlated. Highest energy is concentrated at time of around 250 µs and scale 17, which 
corresponds to frequency of 45 KHz. Thus, similar results are obtained from STFT and 
wavelet analyses. 
 
Figure 5 CWT scalogram plot 
 
For further insight into Lamb wave phenomenon, study of the dispersion curve for steel 
is useful. It is given in Figure 6 and shows the variation of the velocities of modes S0, A0, S1 
and A1 with frequencies and thickness of the plate. Using the frequency f of 100 kHz till 180 
kHz and the 3 mm thickness t of the plate (f.t = 0.3 till 0.54 MHz.mm), group velocity of 
around 5000 m/s is seen for S0 mode in Figure 6. This value matches calculations made 
before for initial fast arriving component. But for the triggering slow arriving wave (of 
velocity 3000 m/s) to be flexural mode (A0), frequency of around 333 kHz or more is 
required (f.t = 1 MHz.mm). This high frequency component, though visible in log STFT 
plot, is not conspicuous in other plots. So it implies this mode is weak and it is unlikely it 
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crossed the threshold first.  
In previous studies, flexural waves have been found generally to be of lower 
frequencies than extensional waves (8),(12). Furthermore, pencil lead breaks act as 
out-of-plane sources and generate signals that are primarily flexural in nature. Therefore, 
wave mode with high energy and frequency of 40 KHz arriving at around 250 µs, as seen in 
STFT and wavelet plots, is most likely to be the flexural component A0. Again using the 
velocity of triggering wave as 3000m/s and the distance travelled by signals as 0.67 m, the 
velocity of the high energy wave mode A0 can be calculated to be 1750 m/s. For the wave 
components of 40 kHz (f.t = 0.12 MHz.mm), group velocity of bit less than 2000 m/s is 
seen for A0 mode in dispersion curve in Figure 6, and this is close to the calculated value. 
 
Figure 6 Dispersion curves for steel showing velocity of various Lamb wave modes (4) 
  
According to classical plate theory, velocities of extensional and flexural modes in an 
isotropic plate are given by (8): 
  2/12 )1(/   Ece      (1) 
  2/14/122 )1(12/   Etc f     (2) 
 
where t is the plate thickness and ω is angular frequency. 
 
Calculations of equations (1) and (2) give ce = 5440 m/s and cf = 1090 m/s (for 40 KHz 
mode). Comparing these values with values calculated before, it is seen that though ce 
roughly matches the calculated value of initial wave mode (around 5000m/s), cf is much 
smaller than the calculated value of around 1750 m/s. These can be attributed to difference 
in material properties of the test specimen from the values used in calculations and the 
simplifications made in the plate theory. Further exploration will be done in future. 
5. Discussions and conclusions 
Results have demonstrated that time-frequency representation has helped in identifying 
dominant wave mode and reflected waves. AE wave propagation is complicated as various 
wave modes can be present in signals. Material and geometrical properties of propagating 
medium affect the waveforms. Understanding of wave modes helps in locating the source of 
emission accurately, as demonstrated by the experimental results. Determining the location 
of damage is one of the primary aims of any SHM method and AE has an advantage in that 
it makes source location possible easily. Comparing times of arrival of AE signals in a 
series of strategically placed sensors is the basis behind the popular time of arrival method 
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used in source location. Velocity of waves is critical for accurate source location and by 
identifying dominant wave modes, time-frequency techniques help in finding the velocities. 
It has been found that in-plane sources such as cracks generate predominantly 
extensional mode AE signals and out-of-plane sources such as impact damage generate 
large flexural modes (13),(14). Thus, modal analysis of AE waves can be theoretically used for 
source identification purposes by comparing strength of the dominant modes. Further 
exploration is planned as future work. 
STFT and wavelet analyses both gave similar results in the analysed example. This 
could be due to narrow range of frequencies of the signals. Resonant sensors used in this 
study generally operate in smaller range. Wavelet analysis is generally better than STFT 
when a wide range of frequencies is present and high frequencies occur for shorter time 
compared to lower frequencies; thus requiring variable resolution in time and frequency 
domains. 
Use of wavelets in analysis of AE signals is growing rapidly. Use of wavelet 
coefficients for pattern recognition is an interesting area of work and will be explored in 
future. Pattern recognition techniques involve extracting some features from signals and 
using them to classify other signals using algorithms such as neural networks. Wavelet 
transforms break signals into different frequency levels and this makes removal of typical 
low frequency noise signals from high frequency genuine signals. 
To conclude, it can be said that effective analysis of recorded data still remains a big 
challenge in the use of AE for monitoring of civil structures such as bridges. However, it is 
believed that the present research has made some contributions towards overcoming this 
problem. The analysis approach by means of time-frequency signal processing techniques, 
as applied in this study, can help in better interpretation of experimental data by aiding in 
source location and in source identification. This can be expected to assist in establishing 
AE technique as a preferred tool for monitoring bridge structures. 
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